Ultra-diffuse galaxies (UDGs) are spatially extended low surface brightness stellar systems with regular elliptical-like morphology. They are found in large numbers in galaxy clusters and groups, but their formation and evolution remain poorly understood because their low surface brightnesses have made studies of their internal dynamics and dark matter content challenging. Here we present spatially resolved velocity profiles, stellar velocity dispersions, ages and metallicities of 8 UDGs in the Coma cluster. We use intermediate-resolution spectra obtained with Binospec, the MMT's new highthroughput optical spectrograph. We derive dark matter fractions between 50 % and 90 % within the half-light radius using Jeans dynamical models. Two galaxies exhibit major axis rotation, two others have highly anisotropic stellar orbits, and one shows signs of triaxiality. In the Faber-Jackson and mass-metallicity relations, the 8 UDGs fill the gap between cluster dwarf elliptical (dE) and fainter dwarf spheroidal (dSph) galaxies. Overall, observed properties of all 8 UDGs can be explained by a combination of internal processes (supernovae feedback) and environmental effects (ram-pressure stripping, interaction with neighbors). These observations suggest that UDGs and dEs are members of the same galaxy population.
INTRODUCTION
Low-luminosity galaxies with regular morphologies and no current star formation represent the numerically dominant population in dense regions of the Universe (Sandage & Binggeli 1984; Ferguson & Sandage 1988 ). These galaxies are commonly called dwarf ellipticals (dE) or dwarf lenticulars (dS0). In contrast to giant early-type galaxies (Kormendy 1977) , their central (µ 0 ) and mean surface brightness within the half-light radius ( µ e ) decrease at low luminosity. It falls below the night sky brightness level at luminosities L B < 10 9 L (M B > −17 mag), making dE/dS0s difficult targets for spectroscopy. Their relatively small stellar masses (10 7 < M * < 5 · 10 9 M ) imply that these systems are usually not well resolved in cosmological numerical simulations. The formation and evolution histories of dE/dS0s remain uncertain, although environmental effects in high density regions (see e.g. Gunn & Gott 1972; Moore et al. 1996) are thought to be responsible for the quenching of star formation and transformation of gasrich disky progenitors into quiescent dE/dS0.
Recently, "ultra-diffuse galaxies" (UDGs) with larger sizes (r e = 1.5 − 4.5 kpc) and lower central surface brightnesses (µ 0g > 24.0 mag/arcsec 2 ) than dE/dS0s were discovered (van Dokkum et al. 2015a ). Soon after, Koda et al. (2015) and Yagi et al. (2016) identified a large population of UDGs in the Coma cluster in deep 8-m Subaru images. These discoveries stimulated considerable interest in the origin and evolution of low-luminosity early-type galaxies. Some authors argued that UDGs are an extension of the dE/dS0 class (see e.g. Conselice 2018) with similar evolutionary histories. Others proposed that UDGs are formed by ei-ther (i) early quenching of "underdeveloped" galaxies at z ∼ 2 (Yozin & Bekki 2015) or by (ii) strong starformation driven outflows in dwarf galaxies (Di Cintio et al. 2017) .
Our understanding of UDGs is currently limited by the difficulty of obtaining high-quality spectra. Only about two dozen UDGs have even been confirmed as members of the clusters and groups where they were found photometrically (van Dokkum et al. 2015b; Kadowaki et al. 2017; Ferré-Mateu et al. 2018; Gu et al. 2018; Ruiz-Lara et al. 2018) . Out of this sample, only about 15 allow an integrated light estimation of the UDG stellar population, and 6 provide [Fe/H] uncertainties better than 0.2 dex. Just two UDGs have measured stellar velocity dispersions (van Dokkum et al. 2016; Danieli et al. 2019) . Therefore, the internal dynamics and dark matter content of UDGs are poorly constrained.
Here we present the first results from a spectroscopic campaign that targeted 4 fields in the Coma cluster and 1 field in Abell 2147. We present internal velocity dispersions, spatially resolved radial velocity profiles, and stellar population properties for 8 UDGs in the Coma cluster. Throughout this work we adopt a Coma cluster distance of 99 Mpc (Saulder et al. 2016 ) with a corresponding distance modulus of 34.98 mag and spatial scale of 0.5 kpc/arcsec.
NEW OBSERVATIONS AND DATA ANALYSIS
The UDG spectra we describe were obtained with the Binospec spectrograph commissioned in November 2017 at the 6.5m MMT reference. We observed three slit masks, starting in December 2017 during a sharedrisk science verification program and continuing in April and June 2018 as normal queue programs. We selected targets for the first mask ("Coma1") from the Adami et al. (2008) photometric catalog. For the second ("Co-maA") and third ("ComaB") masks we chose UDGs from the Yagi et al. (2016) sample limiting the effective surface brightness to 25.3 > µ e,g > 24.4 mag arcsec −2 . We identified two galaxies, J130026.26+272735.2 and J130038.63+272835.3 in "Coma1" with similar properties to UDGs but with 3-4 times higher µ e,R , slightly disturbed morphologies, and significantly bluer colors. Both galaxies have axial ratios around 0.4-0.45 so that their deprojected surface brightness are almost 1 mag dimmer. Coupled with the low stellar M/L ratios indicated by their blue colors, these galaxies certainly border the UDG regime, so we include them in our sample.
We used Binospec's 1000 gpm gratings with a 4500Å central wavelength and with 1"-wide slitlets yielding wavelength coverage of 3,760 to 5,300Å and spectral resolution R = 3, 750 . . . 4, 900 (σ inst = 34 . . . 26 km/s). The integration time was 2h 20min for "Coma1" and 2h for "ComaA" and "ComaB" split into 20min-long exposures. All three masks were observed under average seeing conditions (0.9-1.3"), good transparency in dark time on 2017/Dec/14 and 2018/Apr/10 ("Coma1"), 2018/Jun/4-5 ("ComaA"), and 2018/Jun/8 ("ComaB"). We took arc lamp and internal flat field frames at night time and high signalto-noise sky flats in twilight to characterize the spectral resolution across the field and wavelength range.
We reduced the data with the Binospec pipeline 1 producing flux calibrated, sky-subtracted, rectified, and wavelength calibrated 2D long-slit images (with errors) for each slitlet. The image scale is 0.38Å per pixel in wavelength and 0.24" per pixel along the slit. The slits are not aligned with the the major axes of the galaxies. We used non-local sky subtraction (i.e. a global sky model computed from all "empty" regions in all slits in the mask). The "Coma1" mask contained 10"-long slits centered on galaxies. In the "ComaA" and "ComaB" masks all the slits were extended where possible to improve modeling of the night sky background.
We analyzed the UDG spectra using the NBursts technique (Chilingarian et al. 2007b,a) , which implements a full spectrum fitting approach in the pixel space using a grid of intermediate-spectral resolution (R = 10, 000) simple stellar population (SSP) models computed with the pegase.hr evolutionary synthesis package (Le Borgne et al. 2004) . We convolved SSPs with the Binospec spectral line-spread function determined from the analysis of sky flats. As Chilingarian et al. (2008a) demonstrated, the NBursts algorithm can recover stellar velocity dispersions (σ) down to σ inst /2 at a signal-to-noise ratio of 5 per pixel. Here we treat measurements below σ = 15 km/s as upper limits. We used the restframe wavelength range between 3900Å and 5200-5400Å for the fitting procedure (the exact range depends on the slit position in the mask). See Chilingarian et al. (2008b) ; Chilingarian (2009) for a detailed discussion regarding sensitivity, systematics, and limitations of the NBursts full spectrum fitting. We allowed a 15th order multiplicative polynomial continuum correction and a constant additive term to account for uncertainties in subtracting scattered light.
In five cases we fit each slitlet spectrum twice: (i) an integrated spectrum using optimal extraction along the slit (see Fig. 1 ) to best estimate the systemic velocity (v sys ), stellar age (t), metallicity ([Fe/H]) and σ; (ii) a long-slit spectrum binned along the slit to S/N = 1.5 − 2 per pixel with stellar population parameters and σ fixed at the values determined from the integrated spectrum to assess radial velocity gradients. For J130005.40+275333.0 we fit σ in 3 bins along the slit to minimize spectral line broadening due to the significant radial velocity gradient. We fit the σ profile along the slit for the brighter galaxies J130026.26+272735.2 and J130038.63+272835.3. We present stellar kinematics of the 8 UDGs in Fig. 2 in the middle panels.
ARCHIVAL IMAGING DATA AND JEANS ANISOTROPIC MODELLING
Deep Subaru Suprime-Cam images (Koda et al. 2015; Yagi et al. 2016) are available for the 8 UDGs. We extracted calibrated 60"×60" cutout images from the Subaru archive with topcat (Taylor 2005) implementing Virtual Observatory Simple Image Access. The images have a plate scale of 0.202"/pix with 0.65" to 0.85" FWHM seeing. We determined photometric AB zeropoints by matching the Subaru photometry of point sources to the DECaLS Data Release 7 catalog (Dey et al. 2018) . We estimated structural parameters for the 8 UDGs in the V and R bands using galfit v3 (Peng et al. 2010) . Three UDGs can be well described by a single-component Sérsic model while the remaining five required an additional structural component. We used PSF models for foreground stars and unresolved background galaxies. Galaxy images and residuals from the best-fitting galfit models are shown in the two left panels for every object in Fig. 2 . The effective radii of galaxies range from 0.9 kpc to 3.8 kpc.
We used the Jeans Anisotropic Modeling (JAM) approach (Cappellari 2008) to estimate dynamical massto-light ratios and mass of dark matter in each galaxy. We followed a procedure described in Afanasiev et al. (2018) without the black hole component. First, we converted the galfit structural parameters into the Multiple Gaussian Expansion (Cappellari 2002) , which we then used as input for dynamical modeling assuming that mass follows light. We then ran the JAM over a parameter grid covering a wide range of M/L R ratios (0.5 to 32), anisotropy values β z (0 to 0.9), and inclinations (i) from 90 • (edge-on) down to the minimum allowed by the galaxy ellipticity (assuming an infinitely thin disk) in 5 • steps. We computed χ 2 statistics using the measured spatially resolved radial velocities and integrated velocity dispersions in every point of that parameter grid. We considered values of σ <15 km s −1 as lower limits in the calculation of χ 2 for J130026.26+272735.2 and J130038.63+272835.3 where we had spatially resolved σ profiles. Finally, we constructed a 3-dimensional χ 2 map for each galaxy and determined the best-fitting values of M/L, β z and i.
We cannot accurately constrain all dynamical parameters with an integrated σ measurement and 3 to 6 velocity measurements along a slit that is not aligned with the galaxy major axis. The 1-σ confidence contours in β z − M/L parameter space are very large in 6 out of 8 galaxies. However, we can still constrain the dynamical M/L ratios and dark matter content of the 8 UDGs. In Table 1 we present internal kinematics, stellar population properties and stellar mass-to-light ratios of 8 UDGs extracted from integrated spectra, structural properties derived from the analysis of Subaru Rband images, and dynamical mass-to-light ratios, orbital anisotropy parameters β z and inclinations to the line of sight obtained from JAM. We converted age and metallicities into stellar M/L ratios using pegase.hr model predictions for SSP models assuming a Kroupa (2002) stellar initial mass function.
J125904.06+281422.4 is a flattened galaxy (b/a = 0.56) observed almost along the major axis. There is a hint of weak rotation (< 10 km/s) that drives the dynamical model towards low anisotropy and high M/L. J125904.20+281507.7 is a roundish galaxy (b/a = 0.82) observed along the major axis. The radial velocity profile shows significant rotation (20 ± 7 km/s) that requires high mass-to-light ratio and isotropic orbits (β z = 0) under assumption of axial symmetry.
J125929.89+274303.0 is a strongly flattened galaxy (b/a = 0.50) observed almost along the minor axis. It shows no signs of radial velocity gradient and dynamical modelling suggests highly anisotropic orbits -this is one of the cases where the β z − M/L degeneracy is broken. Its stars are more metal rich (−0.6 dex) than most other galaxies and the age is around 6 Gyr. This galaxy is included in the sample of Ferré-Mateu et al. (2018) as Yagi 275 where a somewhat higher metallicity value is reported (−0.37 dex).
J125937.23+274815.2 is a roundish galaxy (b/a = 0.87) observed 18 deg off the major axis, the smallest in our sample in terms of physical size. The spectrum does not allow us to constrain the orbital anisotropy. The galaxy is not physically connected to the brighter GMP 3324 visible to the right because their radial velocities are almost 1000 km/s apart.
J130005.40+275333.0 is a roundish galaxy (b/a = 0.9) with a distinct stellar nucleus unresolved both on Subaru and archival HST ACS images. In the spatially resolved data the nucleus has the same age (3 Gyr) as the rest of the galaxy but is somewhat more metalrich ([Fe/H]= −0.08 ± 0.18 dex vs −0.30 ± 0.22 dex). The object shows high level of rotation (20 ± 5 km/s at 0.5 kpc from the center) that cannot be fit by axisymmetric models with adequate M/L ratios. We suspect it is a triaxial system similar to some dwarf (VCC 1545, J130026.26+272735.2 is the most spatially extended galaxy in our sample. Its slightly asymmetric shape explains the offset of the coordinates reported in Adami et al. (2008) and used in the mask design so that the slit landed 1" off the galaxy nucleus. It has a relatively young stellar population (1.5 Gyr) and exhibits a disturbed morphology. The lack of rotation given strongly flattened appearance (b/a = 0.44) of the galaxy suggests that stars in its disk have highly anisotropic orbits. This galaxy is the best case in the sample where the β z −M/L degeneracy is broken by dynamical modeling.
J130028.34+274820.5 exhibits a statistically significant velocity gradient along the slit placed about 50 deg off the major axis. Dynamical modelling yields a very high M/L ratio and isotropic stellar orbits similar to J125937.23+274815.2. However, the S-shaped imaging fitting residuals may result from tidal interaction with a nearby brighter galaxy (J130028.98+274836.2 ) visible in the top left corner of the image cutout, and could explain the observed velocity gradient. However no radial velocity measurement for J130028.98+274836.2 is available so the two galaxies may be physically separate.
J130038.63+272835.3 is the second object with a relatively young stellar population (2 Gyr) and a strongly flattened shape (b/a = 0.42). There is a clear bump in the velocity dispersion profile in the center (40 ± 7 km/s compared to 15 ± 10 km/s outside the peak), which we cannot explain with standard dynamical modelling. If the bump is from a central black hole (dashed green line in Fig. 2 ) a mass of 2.5 · 10 8 M would be required, ∼3 times the total stellar mass of the galaxy (∼ 7.5·10 7 M ). Deep integral field unit observations are needed in order to clarify the nature of this bizarre galaxy.
Evolutionary link with dwarf early-type galaxies
By comparing stellar and dynamical M/L ratios, we estimate the dark matter fraction within one halflight radius in each galaxy. The expected dark matter fraction lines are shown as dashed purple vertical lines in panels presenting confidence levels in the β z − M/L space in Fig. 2 . In the two objects with high orbital anisotropy, J125929.89+274303.0 and J130026.26+272735.2, the dark matter fraction estimate is 50 % to 80 % very similar to what was found in the three dE satellites of the Andromeda galaxy (De Rijcke et al. 2006) . These Andromeda satellites also exhibit weak (NGC 205 ) or no (NGC 147 and NGC 185 ) rotation and high orbital anisotropy. The two objects with signs of major axis rotation, J125904.06+281422.4 and J125904.20+281507.7 likely have somewhat higher dark matter content, around 90 % but further, deeper observations would be required for confirmation. More Note-The columns are: IAU name, systemic radial velocity, integrated stellar velocity dispersion, mean age and metallicity of stellar population and stellar M/L ratio derived with the full spectrum fitting using SSP models, dynamical M/L, orbital anisotropy parameter, and inclination to the line-of-sight obtained with JAM, half-light radius of a galaxy, R-band AB absolute magnitude, and effective surface brightness value de-projected using measured ellipticity of a galaxy image. All photometry is corrected for foreground extinction (Schlafly & Finkbeiner 2011) , surface brightness is also corrected for cosmological dimming.
The k-corrections are < 0.01 mag (Chilingarian et al. 2010 ). * JAM is likely inapplicable to these objects (see the text for details).
massive cluster dE/dS0s tend to have somewhat lower dark matter fractions withing r e of an order of 30-50 % (Forbes et al. 2011) .
The two galaxies with younger stellar populations, J130026.26+272735.2 and J130038.63+272835.3 likely entered the central region of the Coma cluster quite recently as gas-rich disks and had their interstellar medium stripped by ram pressure of the hot intracluster gas (Gunn & Gott 1972) .
J130005.40+275333.0 is a special case where we suspect triaxiality based on significant stellar rotation despite its round shape. Its stellar population is intermediate-age (3 Gyr) and metal-rich (−0.3 dex). It also hosts a luminous nucleus (m R ≈ 22.44 mag; M R ≈ −12.64 mag; red arrow in Fig. 3) , which makes it similar to many examples of more luminous dE/dS0 galaxies in the Virgo cluster presented in Chilingarian (2009) . Its nucleus ends up in the UCD loci in both Faber-Jackson and luminosity-metallicity relations. This might suggest an alternative way of forming this galaxy by tidal stripping of a massive progenitor, where we can see a leftover low surface brightness envelope similar to Fornax UCD 3 (Afanasiev et al. 2018 ).
In Fig. 3 we present the Faber-Jackson (1976) and the metallicity-luminosity relations from the literature for giant (Bender et al. 1992 ) and dwarf (Chilingarian et al. 2008b; Chilingarian 2009 ) elliptical galaxies, compact elliptical Price et al. 2009 ) and ultra-compact dwarf galaxies (Chilingarian et al. 2008a (Chilingarian et al. , 2011 , and Local group dwarf spheroidal galaxies (Mateo 1998) . The dataset is complemented by measurements for intermediate-luminosity and giant Coma cluster E/S0 galaxies extracted from the Reference Catalog of Spectral Energy Distributions (RCSED, Chilingarian et al. 2017) . All luminosities were converted into the B band using transformations for quiescent galaxies from the RCSED description and using standard ugriz to U BV R C I C color equations. 2 Prior to our study, there were only two velocity dispersion measurements for UDGs from integrated light spectra (van Dokkum et al. 2016; Danieli et al. 2019) . Metallicity measurements from integrated light low-resolution spectra are available for 8 Coma cluster UDGs (Gu et al. 2018; Ruiz-Lara et al. 2018 ) and for NGC 1052-DF2 . We adopted a distance of 13 Mpc for NGC 1052-DF2 (Trujillo et al. 2018) .
The Faber-Jackson relation for luminous galaxies has a slope of L ∝ σ 4 (Bernardi et al. 2003) continuing all the way into the locus of tidally-stripped, dark-matterfree compact elliptical and ultra-compact dwarf galaxies. However, for "normal" dE/dS0 in clusters it changes to L ∝ σ 2 at M B > −18.5 mag (Matković & Guzmán 2005; Kourkchi et al. 2012) . Dwarf spheroidal galaxies containing substantial quantities of dark matter form a sequence almost parallel to that of compact stellar systems but a factor of 3-4 lower in velocity dispersion, before turning up at low-luminosities into the ultra- faint dwarf galaxy regime. UDGs with measured velocity dispersions fill the gap in luminosity between cluster dE/dS0s and dSph. The three most luminous objects from the Mateo (1998) sample in the same locus of the diagram are not dSphs but dE satellites of the Andromeda galaxy NGC 147, NGC 185, and NGC 205. The black arrows pointing left indicate the direction of passive evolution of the two younger UDGs in our sample to the age of 10 Gyr computed using pegase.hr stellar population models. Passive evolution will bring J130026.26+272735.2 to the middle of the UDG locus.
In the luminosity-metallicity relation UDGs also fall on the monotonic relation formed by dSph, dE/dS0, and E/S0 galaxies extending over a range of 150,000 in B-band luminosity (13 mag). The strongest out-lier is J130005.40+275333.0 where the unresolved stellar nucleus is even more metal rich, making it similar to some cluster dE/dS0 galaxies (Chilingarian 2009 ). The luminosity-metallicity relation is often considered to result from supernovae driven winds (Dekel & Silk 1986) . Under this assumption, UDGs are well placed in the landscape formed by early-type galaxies of larger (dE/dS0) and smaller (dSph) stellar masses.
The 8 observed UDGs form a heterogeneous population similar to brighter dwarf elliptical galaxies in clusters identified by Lisker et al. (2007) . Some UDGs rotate, some do not, and one has a stellar nucleus even though the fraction of nucleated dwarf elliptical galaxies drops at low luminosities. We see at least one object with a peculiar morphology, where we suspect tidal interaction with a more massive dwarf elliptical companion. All 8 UDGs appear to be less luminous and lower surface brightness analogs of existing sub-classes of dE/dS0s, approaching the properties of Local Group dSph. Our observations suggest that UDGs are a fainter extension of the dE/dS0 class rather than a distinct galaxy type as proposed by Conselice (2018) .
A diversity of formation scenarios can explain dwarf elliptical galaxies in clusters and groups, e.g. supernovae feedback (Dekel & Silk 1986) , ram pressure stripping (Gunn & Gott 1972) , numerous tidal encounters with more massive cluster members during flybys (Moore et al. 1996) . Most of these scenarios explain the morphological transformation of gas rich disky progenitors into quiescent regularly shaped dE/dS0 galaxies. These processes cause disk heating and might also boost the orbital anisotropy if a substantial mass fraction in a form of gas is rapidly stripped. Even in our very limited sample of 8 UDGs, we can see examples of galaxies that possibly formed in each of the three scenarios. However, dwarf triaxial systems such as J130005.40+275333.0 and VCC 1545 cannot be explained by these scenarios and present a challenge to modern theories of galaxy formation, because their giant counterparts are usually explained as results of rich merger histories (Davies et al. 2001) inconsistent with low-mass systems.
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